A series of poly(urethane-imide) films were prepared by a reaction between poly(amide acid) and polyurethane prepolymer. Poly(amide acid) was prepared from pyromellitic dianhydride and 4,4'-oxydianiline. Polyurethane prepolymer was prepared by a reaction of polyether polyol with tolylene-2,4-diisocyanate and then with phenol as an endcap. The blend films obtained by casting and then drying were transparent. The films still remained transparent after heat treatment at 200°C.
Introduction
Polyurethane (PU) is an important class of polymer, which has good abrasion, oil and cold resistances [1] [2] [3] [4] . However, the conventional PU is known to exhibit poor thermal stability, which limits its application. An effective method to improve thermal stability of PU is to incorporate thermally stable units by various approaches such as blending and copolymerization. Among them, introduction of imide units is promising because polyimide (PI) is an important class of heterocyclic polymers with remarkable heat resistance, superior mechanical and electrical properties [5] [6] [7] .
Recently, we prepared a series of novel poly(urethane-imide) (PU!) films by a reaction between poly(amide acid) and PU prepolymer obtained from polyethylene adipate polyol and tolylene-2,4-diisicyanate (TDI) [8, 9] .
The properties of PUI films changed from plastic to elastic depending on the PIIPU ratio. Thermal stability of PU was increased by the introduction of PI component.
Further, we succeeded in preparing a series of porous PI films containing micrometer size pore by thermally treating the PUI films utilizing the phase separation between the thermally stable PI component and thermally labile PU component [10, 11] . Porous PI film with similar pore size was also obtained by the pyrolysis of a polymer blend between polyol and poly(amide acid) [12] . From a series of studies, it was found that the pore size depends on the chemical structure and the ratio of the polymer components.
In this study, we used polyether polyol, another important soft segment for PU, for the preparation of PU prepolymer and poly(urethane-imide) films, and examined the effect of chemical structure of polyol on the properties of the poly(urethane-imide) films. The cohesive energy of ether type polyol is much smaller than that of ester type polyol [1] . Therefore, the size of the PU domains in the J. Photopolym. Sci. Technol., Vo1. 14, No.1 , 2001 polyether-based PUI films is expected to be much smaller than that in the polyester-based PUI films. This could lead to the formation of porous PI films with much smaller pores.
Experimental 2.1. Materials
Pyromellitic dianhydride (PMDA) was purified by recrystalization from acetic anhydride, followed by sublimation. 4,4'-Oxydianiline (ODA) was purified by sublimation. N Metyl-2-pyrrolidinone (NMP) was purified by distillation under reduced pressure. Polyethyleneglycol (PEG: Mw ca. 1000) was dehydrated in vacuo at 80°C for 1 night before use. TDI and phenol were used as received.
Preparation of poly(amide acid) and PU prepolymer
Poly(amide acid) was prepared by a reaction of equimolar amounts of PMDA (23 .OOOmol, 5.0167g) and ODA (23.000mmol, 4.6304g) in NMP (86.40g) under nitrogen atmosphere as shown in Scheme 1. The viscosity of poly(amide acid) used in this study was 2.40 dL/g in NMP (O.5g/dL).
PU prepolymer was prepared as shown in Scheme 2.
PEG (1O.OOmmol, 1 O.OOg) was dissolved in NMP (15.36g) under nitrogen atmosphere. TDI (20.OOmmol, 3.48g) was added dropwise, followed by stirring at room temperature for 2h to give a viscous liquid. Phenol (20.OOmmol,1.88g) was then added into the liquid to endcap PU prepolymer.
Preparation and of PUI films
Poly(amide acid) solution in NMP (lOwt%) and PU prepolymer solution in NMP (5Owt%) were blended in various weight ratios. The blend solutions were cast on glass plates. After being dried at 50°C for 16h in vacuo, the cast films were thermally treated, as fixed on the glass plates, at 100°C and 200°C for 1 h each in vacuo, to give PUI films.
Pyrolysis of PUI films
Pyrolysis of PUI films were carried out by thermally treating the films, as fixed on glass plates, at 300°C and 400°C for lh each under ambient pressure.
Measurement
Viscosity of poly(amide acid) was measured using Ubbelohde viscometer at a concentration of 0.5 g/dL in NMP. IR spectra were recorded on Jeol Model IR 810.
Dynamic viscoelastic measurement were carried out with a Rheovibron Model DDV-O1 FP analyzer at a heating rate of 4°C/min in air at 3 5 Hz. Tensile properties were investigated using an Imada Seisakusho Model SV-3 at room temperature.
The values were determined from the average of five tests. Thermogravimetric analyses (TGA) were carried out with a Rigaku TG-DTA TG 8120 at a heating rate of 5°C/min under Ar. Scanning electron microscopy (SEM) was observed with Jeol JSM-6300 for the films vapor deposited with gold. prepolymer in NMP were mixed in various weight ratios (PIIPU=80/20, 50/50, 20/80, 10/90). All the blend solutions were clear and transparent in any weight ratios. The films still remained transparent after drying at 50°C, and also after heat treatment at 200°C. In case of polyester polyol, the films were opaque after drying and also after the same heat treatment [8] . The difference in transparency could be due to the difference in the size of PU domains because the cohesive energy of ether type polyol is smaller than that of ester type. Therefore the size of PU domain is considered to be smaller in case of ether type polyol. Thus, it was suggested here that the size of phase separated domain can be also controlled by the selection of the polyol component.
Results and discussion
The progress of the reaction was followed by IR. As shown in Fig. 1 , after drying at 50°C, the absorptions due to the amide and carboxylic groups of poly(amide acid) were observed at 1680 and 3300cm 1. Another characteristic absorption was observed at 1550cm1 assignable to the secondary amide of urethane linkage. The ether and methylene groups of urethane function appeared at 1100 and 2900cm 1, respectively. After heat treatment at 200°C, the absorption of carbonyl group of carboxylic acid at 1680cm 1 disappeared.
The absorption at 1550cm 1 ascribed to the secondary amide of urethane linkage, however, became smaller. Meanwhile, a sharp absorption appeared at 13 80cm 1, which is assigned to the carbonyl of the allophanate [13] . Thus, it is considered that the reaction between the urethane and isocyanate groups in PU prepolymer occurred during the thermal treatment, affording allophanate linkages [14] . As reported previously [8] , phenol endcaps were released during the heat treatment, generating isocyanate.
This isocyanate reacted with the carboxylic groups of poly(amide acid) through amide forming reaction, thus giving PUI. Appearance of absorptions due to the imide function at 720 and 1780cm 1 confirms the formation of imide groups. It is to be noted that the absorption assigned to isocyanate was not observed in this polyether-based PUI after 200°C treatment. In the case of polyester-based PUI, Fig.1 . IR spectrum of PUI (PI/PU=/50/50). 
Properties of PUI films
The tensile properties of PUT films are summarized in Table 1 . The PUI films changed from plastic (PILPU8O/20 =and 50/50, Figure 2 ) to elastic (PLPU2O/80 =and 10/90, Figure 3 ) with the increase of PU content. Tensile modulus and tensile strength decreased monotonously with the increase of PU content.
Elongation also decreased with the increase of PU content, and became smallest at PI/PU=50150. With further increase of PU content, elongation at break increased and the films exhibited elastomer characteristics at PI/PU=20/80, with an enlarged elongation as large as ca. 1000%. Compared with the polyester-based PUI films (3 80% elongation at PI/PU=5/95 and 80% at PI/PU=20180) [8] , elongation of polyether-based PUIs increased remarkably.
Viscoelastic analyses of the PUI films are shown in Figure 4 .
Lower glass transition temperature (Tg) based on PU was found at ca. -30°C from E" , and did not shift irrespective of the PU content. This clearly shows that phase separation is taking place between PI and PU components in the PUI films. Storage modulus of the film for PIIPU=20/80 decreased significantly at around Tg.
The decomposition profiles examined with TGA are shown in Fig. 5 for the PUIs of various PI/PU ratios.
It was shown that the decomposition occurred in two stages. At a programming rate of 5°C/min, the first decomposition appeared during the temperature range of 300400°C, which is due to the decomposition of the thermally labile PU. The second stage occurred above 500°C, which corresponds to the decomposition of PI. Therefore, thermal treatment of the PUI films at 400°C could lead to the decomposition of only the PU component.
Attempted synthesis and properties of porous PI films
PUI films were thermally treated at 300 and 400°C for l h each to decompose PU component of PI/PU=50/50 and to give supposedly porous PI films. The films became brown-colored but were still transparent.
From the TGA of the films thermally treated at 200°C and 400°C (Fig.6) , it was shown that the PU component completely decomposed by the treatment at 400°C. It was also shown that the films treated at 400°C are as thermally stable as the standard PMDA/ODA film. The tensile properties of the pyrolyzed films are summarized in Table 2 . Typical stress-strain curves are also shown in Fig. 7 . It can be seen that elongation at break for the films from higher PU content was smaller and thus those films were brittle. The PI films from PI/PU=20180 were so brittle that tensile measurement was successful only once.
It was observed that tensile modulus for the PI films from PI/PU=80/20 was higher than the standard PI film.
Tensile strength also was higher though elongation at break was lower than the standard films. The PI films from higher PU content had lower tensile modulus and lower tensile strength.
Viscoelastic analyses of the films were shown in Fig. 8 . Lower Tg was not observed any more after thermal treatment at 400°C, which confirms the complete decomposition of PU component. 
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Tg was not observed below 400°C, and storage modulus was maintained up to 400°C. The high temperature properties of the films were almost the same as the standard PMDA/ODA type PI films.
Examples of SEM for standard PI film and PI film from PIIPU=50/50 are shown in Fig. 9 . The SEM of the standard PI showed a smooth surface. The SEM of the PI film from PIJPU=50/50, on the other hand, showed small spots on the surface. Though the size was not precisely determined, it was estimated to be ca. 50nm.
Detail analysis on pore is under way.
Conclusion
A series of PUI films were prepared by the reaction between poly(amide acid) and
polyether-based PU prepolymer, followed by casting and heat treatment at 200°C.
The PUI films were transparent after drying and also after heat treatment at 200°C. This result suggested that PU domains in polyether-based PUI films were smaller than that in polyester-based PUI. The low cohesive energy of polyether polyol could be the reason.
The films had characteristics of either elastomer or plastic depending on the PU content. Compared with the polyester-based PUI films, elongation at break increased remarkably.
PI and PU components are phase separated in the film, which was confirmed by viscoelastic analyses.
PI films were prepared by thermal treatment of the PUI films at 300 and 400°C. The SEM suggested that pore was formed and that the pore size in the film was estimated to be ca 50nm.
